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ABSTRACT: The endosome-associated deubiquitinase (DUB) AMSH is a member of the JAMM family of zinc-dependent
metallo isopeptidases with high selectivity for Lys63-linked polyubiquitin chains, which play a key role in endosomal−lysosomal
sorting of activated cell surface receptors. The catalytic domain of the enzyme features a flexible flap near the active site that
opens and closes during its catalytic cycle. Structural analysis of its homologues, AMSH-LP (AMSH-like protein) and the fission
yeast counterpart, Sst2, suggests that a conserved Phe residue in the flap may be critical for substrate binding and/or catalysis. To
gain insight into the contribution of this flap in substrate recognition and catalysis, we generated mutants of Sst2 and
characterized them using a combination of enzyme kinetics, X-ray crystallography, molecular dynamics simulations, and
isothermal titration calorimetry (ITC). Our analysis shows that the Phe residue in the flap contributes key interactions during the
rate-limiting step but not to substrate binding, since mutants of Phe403 exhibit a defect only in kcat but not in KM. Moreover, ITC
studies show Phe403 mutants have similar KD for ubiquitin compared to the wild-type enzyme. The X-ray structures of both
Phe403Ala and the Phe403Trp, in both the free and ubiquitin bound form, reveal no appreciable structural change that might
impair substrate or alter product binding. We observed that the side chain of the Trp residue is oriented identically with respect
to the isopeptide moiety of the substrate as the Phe residue in the wild-type enzyme, so the loss of activity seen in this mutant
cannot be explained by the absence of a group with the ability to provide van der Waals interactions that facilitate the hyrdolysis
of the Lys63-linked diubiquitin. Molecular dynamics simulations indicate that the flap in the Trp mutant is quite flexible, allowing
almost free rotation of the indole side chain. Therefore, it is possible that these different dynamic properties of the flap in the Trp
mutant, compared to the wild-type enzyme, manifest as a defect in interactions that facilitate the rate-limiting step. Consistent
with this notion, the Trp mutant was able to cleave Lys48-linked and Lys11-linked diubiquitin better than the wild-type enzyme,
indicating altered mobility and hence reduced selectivity.

Ubiquitination, covalent attachment of the 76-amino-acid
protein ubiquitin to target proteins via formation of an

isopeptide bond between the side chain of the amino group of a
lysine residue of the target and the terminal carboxylate group
(Gly76) of ubiquitin, has emerged as an important form of
protein posttranslational modification that rivals phosphoryla-
tion in scope and complexity.1−5 This protein modification,
catalyzed by the sequential action of three enzymatic systems,
E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating
enzyme), and E3 (ubiquitin ligase), usually results in the

attachment of polyubiquitin chains to target proteins via
successive addition of subsequent ubiquitin groups in a chain-
like manner, emanating from the first ubiquitin directly
appended to the target.6−9 In the case of homotypic chains,
the linking pattern involves a specific amino group of an
internal ubiquitin, either the ε-amino group of one of
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ubiquitin’s seven Lys residues or its N-terminal amino group
(Met1), linked to the carboxylate group of Gly76 of a
succeeding monomer in a repetitive fashion. The eight distinct
linkage isomers of such homotypic polyubiquitin chains are
characterized by a distinct three-dimensional architecture,
which gives rise to distinct biological outcomes for proteins
that bear these chains.6,7,9,10 For example, polyubiquitin chains
linked via Lys48 of internal ubiquitin groups are used for
signaling protein degradation, whereas Lys63-linked polyubi-
quitin chains, having different architecture, are used for
receptor internalization, DNA repair, and protein−protein
interactions in the nf-κB pathway. Functions of polyubiquitin
chains of other linkage types are beginning to be assigned, some
of which could also play an important role in cell cycle control
(Lys11-linked polyubiquitin chains) and other signaling events,
such as the linear Met1-linked chains in the nf-κB pathway.11,12

Most ubiquitination events are dynamically controlled by the
action of deubiquitinating enzymes or DUBs (deubiquitinases),
which counteract ubiquitination by hydrolytically removing
ubiquitin from protein adducts. Deubiquitination is achieved by
hydrolyzing the isopeptide bond after Gly76 (or the peptide
bond in the case of Met1-linked polyubiquitin chains).13−16

The human genome encodes for nearly 100 DUBS, which are
emerging as key players in a wide array of physiological
processes. Accordingly, deregulation of DUB activity has been
linked to a number of human diseases such as cancer and
neurodegeneration.17−20 DUBs are grouped into five categories
based on the structure of their catalytic domains: ubiquitin
carboxy-terminal hydrolases (UCHs), ubiquitin specific pro-
teases (USPs), Machado Joseph Disease proteases (MJDs),
ovarian tumor proteases (OTUs) and JAB1/MPN/MOV34
proteases (JAMMs).16,21 The first four groups are cysteine
proteases, whereas the JAMM members are zinc metal-
loproteases, containing a catalytic zinc and sharing mechanistic
similarities with the well-known zinc protease thermolysin.21−23

Members of the zinc metalloprotease family include Rpn11
(POH1), a highly conserved proteasome component whose
DUB activity is coupled to protein degradation at the
proteasome, CSN5, the catalytic unit of the CSN deneddylating
complex that regulates ubiquitination through cullin modifica-
tion, AMSH, associated molecule with the SH3 domain of
signal transducing adaptor molecule (STAM) and its yeast
ortholog, Sst2, AMSH-LP (AMSH-like protein) with unknown
function, and BRCC36 of the BRISC DNA repair com-
plex.24−31

AMSH and AMSH-LP are highly selective for Lys63-linked
polyubiquitin chains, the type of chain used in endosomal-
lysosomal sorting of cell-surface receptors.32−34 A key biological
function of AMSH is to regulate degradation of cell-surface
receptors in the lysosomes mediated by the ESCRT machinery,
which comprises four distinct macromolecular complexes,
ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III.35−37 The
members of ESCRT machinery work in tandem to capture
polyubiquitinated receptors on endosomes and sequester them
into multivesicular bodies that eventually fuse with lysosomes
where the receptors are degraded.33,37−39 AMSH possesses
binding sites for both the initial ESCRT-0 complex as well as
the terminal ESCRT-III complex and plays an important role in
regulating the ESCRT-mediated sorting process.34,40,41 The
catalytic activity of AMSH is enhanced upon binding to the
STAM component of the ESCRT-0 complex.42−44 The precise
manner in which AMSH controls receptor trafficking through
the ESCRT pathway remains unknown; however, its critical

role in endosomal-lysosomal sorting is underscored by the
recent discovery of a genetic defect known as microcephaly
capillary malformation (MIC-CAP) syndrome, which is caused
by mutations in the gene.45,46

The structural basis for high selectivity toward Lys63-linked
polyubiquitin chains has been provided by the X-ray structural
studies of AMSH-LP bound to Lys63-linked diubiquitin.32

These structural studies, combined with the recent structure
determination of Sst2 with Lys63-linked diubiquitin and
ubiquitin (a part of the product), have revealed structural
features in the active-site that contribute to substrate
recognition and catalysis.47 One such structural feature is a
loop segment adjacent to the active-site cleft, referred to here as
the active-site flap, that seems to open and close during catalytic
steps of the enzyme (Figure 1a,b). The flap under consideration

is part of a loop segment located in a structural element called
insertion 2, a characteristic feature shared by AMSH and closely
related enzymes, such as AMSH-LP and Sst2.31 The flap in Sst2
is defined to encompass the tripeptide segment Gly401-
Leu402-Phe403. The corresponding residues, Gly406-Phe407
in AMSH-LP and Gly394-Phe395 in AMSH, occur as a
dipeptide segment as opposed to the tripeptide segment in Sst2
(Figure 2a−c). In the structure of the unbound enzyme, the
flap is in a closed state, with a Phe residue in the flap making
contact with residues on the opposite side of the cleft,

Figure 1. Changes in the active-site flap forming a closed cavity or a
narrow tunnel in the cavity indicating the flexibility of the flap. (a), (c),
(e), (g) Surface representations of active-site area of wild-type Sst2
(PDB ID: 4JXE) and its mutants in their free form. Residues that
constitute either side of the flap (Asp315, Thr316, Leu402, and
Phe403) are marked red. (b), (d), (f), (h) Surface representations of
Sst2 (PBD ID: 4K1R) and its mutants bound to ubiquitin comparing
the opening of the flap (red) in all structures. Wild-type Sst2 is shown
in cyan, Sst2F403A in gray, Sst2F403W subunit A in dark blue and
Sst2F403W subunit B in green. The Gly76 carboxylate group of ubiquitin
is shown in sticks.
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particularly with an Asp side chain (Asp 315 in Sst2), both of
which are highly conserved in AMSH (yeast to human) and
also in AMSH-LP. The distance between the aromatic ring and
the carboxylate group is close to 4.0 Å, a feature shared with
AMSH and AMSH-LP (Figure 3c). In the substrate-bound

state, Phe349 and Phe403 interacts with the aliphatic portion of
the side chain of Lys63 of the proximal ubiquitin (in a
diubiquitin motif, the Gly76 carboxylate group of one ubiquitin,
called the distal ubiquitin, is covalently attached to the ε-amino
group of a Lys residue of the other ubiquitin, called the
proximal ubiquitin), whereas Thr347 and Ser352 form
hydrogen bonds with Gln62 and Glu64, neighboring residues
of Lys63, respectively. Indeed, the observation that Phe403
alone makes three van der Waals contacts with the isopeptide
segment of diubiquitin seems to underscore its importance
toward proper alignment of the isopeptide segment for catalysis
(Figure 3a). It also appears that the Phe side chain, through its
interaction with the facing Asp residue across the active-site
cleft, may contribute to the dynamics of the flap, in addition to
contributing key interactions with the Lys63 side group on the
proximal ubiquitin (Figure 3b). To gain insight into the nature
of the contribution of this flap residue to catalysis, we generated
mutants of this conserved side chain by replacing with Ala, and
with a bulkier aromatic side chain of Trp. These mutants were
studied by a combination of X-ray crystallography of both free
and ubiquitin-bound forms, enzyme kinetics, isothermal
titration calorimetry (ITC), and molecular dynamics simu-
lations.

■ MATERIALS AND METHODS
Cloning, Expression, and Purification. The catalytic

domain of Sst2 (residues 245−435) and human ubiquitin (Ub)
were subcloned into a pGEX-6P1 vector as described
previously.47 Phe403Ala, Phe403Trp, Asp315Asn, and Cy-
s397Ala mutations were then introduced individually into the
catalytic domain of Sst2 via site directed mutagenesis and
confirmed with DNA sequencing. The resulting N-terminally
fused glutathione-S-transferase (GST)-tagged recombinant
DNA were expressed in Escherichia coli Rosetta cells and
purified as described earlier47 using standard GST affinity
chromatography followed by size exclusion chromatography on
a Superdex S75 column (GE Lifesciences). All proteins were
concentrated, flash frozen, and stored at −80 °C. Final
concentrations were determined via UV−vis by measuring
absorbance at 280 nm.
In order to avoid issues arising from the cloning artifact in

GST fusion proteins, addition of the pentapeptide sequence
Gly-Pro-Leu-Gly-Ser (GPLGS) to the protein’s N-terminus,
ubiquitin used for ITC was instead prepared from a pRSETA
plasmid as described earlier.47 Lys63-linked diubiquitin was
enzymatically synthesized using Lys63Arg and Asp77 ubiquitin
mutants, following published methods.32 Human E1, two E2s
(Uev1a, and Ubc13), and the two mouse ubiquitin mutants
were purified separately, then mixed in a reaction buffer
containing 80 mM Tris-HCl, 20 mM ATP, 20 mM MgCl2, 1
mM DTT. The reaction mixture was then incubated overnight
at 37 °C, and quenched at room temperature with 10-fold
excess Buffer A (50 mM sodium acetate pH 4.5). The
quenched reaction mixture was loaded onto a MonoS cation
exchange column (GE Healthcare) to separate synthesized
diubiquitin from unreacted ubiquitin. Diubiquitin was eluted
using a linear gradient with Buffer B (50 mM sodium acetate
pH 4.5, 1 M NaCl).

Crystallization and Data Collection. Purified Sst2
Phe403Ala, Phe403Trp and ubiquitin were concentrated to
37, 6.7, and 40 mg/mL respectively. All crystallization was
performed at room temperature by sitting drop vapor diffusion.
Crystals of Sst2 Phe403Ala, referred to here as Sst2F403A, were

Figure 2. Structures of Sst2, AMSH, and AMSH-LP. (a) Superposition
of the catalytic domain of Sst2 (PBD ID: 4JXE), AMSH (PDB ID:
3RZU), and AMSH-LP (PDB ID: 2ZNR). Sst2, AMSH, and AMSH-
LP are shown in cyan, pink, and gray, respectively. (b) Stick
representation of flap segment in Sst2, AMSH, and AMSH-LP. Sst2
consists of tripeptide segment in the flap, whereas AMSH and AMSH-
LP consists of dipeptide segment. Sst2, AMSH, and AMSH-LP are
shown in cyan, pink, and gray respectively (c) Sequence alignment of
flap residues in Sst2, AMSH, and AMSH-LP. The inset represents the
flap segment. (d−f) Conformational dynamics of the active site flap in
Sst2, AMSH, and AMSH-LP: 20 equal-spaced snapshots were
extracted from the molecular dynamics simulation and loop ensembles
were superposed with their respective starting structures. The native
protein conformation for Sst2, AMSH, and AMSH-LP are shown in
orange, blue, and green cartoon representation respectively, with Zn2+

ions as gray spheres. All three enzymes Sst2 (d), AMSH (e), and
AMSH-LP (f) are highly flexible in the flap region and sample
conformations resembling open and closed states.

Figure 3. Phe403 forms interactions with the isopeptide linkage of the
diubiquitin substrate and residues across the active-site cleft. (a) The
scissile isopeptide is stabilized by several contacts with the aromatic
group of Phe403 through interactions with both Lys63 of the proximal
ubiquitin (forest green) and Gly76 of the distal ubiquitin (orange). (b)
Upon binding of Lys63-linked diubiquitin (PDB entry 4NQL),
Phe403 is stabilized by a 3.9 Å van der Waals contact between Phe403
and Thr316 and forms a 4.1 Å anion-π interaction between the ring of
Phe403 and the carboxylate of Asp315. (c) Phe403 in its free form lost
contact with Thr316 (6 Å shown in magenta) but forms 3.9 Å anion-π
interaction between Cζ of F403 and the carboxylate of Asp315.
Hydrophobic interactions are shown in blue dashes.
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crystallized in 0.8:1 ratio with the mother liquor containing 0.2
M sodium citrate tribasic dihydrate, 20% (w/v) polyethylene
glycol (PEG) 3350 (pH 8.3) and were grown in 3−5 days.
Crystals of Phe403Trp, referred to here as Sst2F403W, were
crystallized in 1:1 ratio with the mother liquor containing 0.2 M
ammonium tartrate dibasic (pH 7.0) and 20% (w/v) PEG 3350
which attained maximum size in 5−7 days.
Noncovalent complexes of each Sst2 mutant and ubiquitin

were prepared by mixing each mutant with ubiquitin
(containing a N-terminal cloning artifact GPLGS, as a remnant
of GST-affinity purification) at a ratio of 1.5:1. Crystals of the
complex formed between Sst2F403A and Ub grew in a week from
the mother liquor containing 0.2 M sodium citrate tribasic
dihydrate, 0.1 M HEPES sodium pH 7.5, 20% v/v 2-propanol.
Crystals of the complex of Sst2F403W and Ub were grown in 2−
5 days in 0.04 M citric acid, 0.06 M Bis-TRIS propane pH 6.4,
20% w/v PEG 3350. Complex formation of both constructs was
verified by silver staining of an SDS-PAGE gel run with
dissolved crystals.
Crystals were soaked briefly in a cryoprotectant solution of

25% (v/v) ethylene glycol in the mother liquor and flash frozen
with liquid nitrogen. X-ray diffraction data for all described
mutants and protein complexes were collected at 100 K using a
Mar300 CCD detector at beamline 23 ID-B of the Advanced
Photon Source at Argonne National Laboratory in Argonne, IL
and processed with HKL2000 program.48

Structure Determination and Refinement of Sst2F403A

and Sst2F403W in Its Free Form. The structures of Sst2F403A

and Sst2F403W mutants, which crystallized in the P21 space
group and diffracted to 2.1 and 1.6 Å, respectively, were solved
by molecular replacement with MolRep49 of the ccp4 suite50

using the previously solved structure of the catalytic domain of
Sst2 (PDB entry 4JXE) as the search model.47 Initial
refinements for each structure were carried out in Refmac5
using rigid body refinement followed by restrained refinement.
The model for Sst2F403A was built using Coot51 and refined
using the program Refmac552 yielding Rcrys and Rfree values of
20.04% and 24.18% respectively. The model for Sst2F403W was
built in Coot and rounds of refinement of refinement were
done in PHENIX,53 ultimately yielding a Rcrys of 17.0% and Rfree
of 19.9%.
Structure Determination and Refinement of Sst2F403A-

Ub and Sst2F403W-Ub structures. Crystals of Sst2F403A bound
to ubiquitin, referred to here as Sst2F403A-Ub, crystallized in the
P21 space group and diffracted to 1.7 Å, while the crystal
structure obtained for Sst2F403W bound to ubiquitin, referred to
here as Sst2F403W-Ub, belonged to the P212121 space group and
diffracted to 2.3 Å. Both structures were solved by molecular
replacement using MolRep49 using the previously solved
structure of the catalytic domain of Sst2 bound to ubiquitin
(PDB entry 4K1R) as the search model. Initial refinements
were carried out in Refmac552 using rigid body refinement
followed by restrained refinement. The model for Sst2F403A-Ub
was built using Coot51 and refined using Refmac552 yielding
Rcrys and Rfree values of 20.07% and 23.81%, respectively.
During refinement, TLS treatment of atomic displacement
parameters was also performed, taking chain A of the
asymmetric unit as one group.54 Likewise, a model for
Sst2F403W-Ub was built using Coot, and rounds of refinement
of refinement were done in PHENIX,53 ultimately yielding a
Rcrys of 19.2% and Rfree of 23.5%. All figures for the structures
described were rendered with PYMOL (version 1.7.0.0).55

Determination of Kinetic Parameters. Kinetic parame-
ters of diubiquitin cleavage by Sst2F403A and Sst2F403W mutants
were determined by incubating 100 nM of the enzyme with
varying concentrations of Lys63-linked diubiquitin, ranging
from 20 to 100 μM in a reaction mixture consisting of 50 mM
Tris-HCl (pH 7.0), 20 mM KCl, 5 mM MgCl2, and 1 mM
DTT. For Sst2C397A, 2 μM of the enzyme was used for
diubiquitin cleavge. Reactions proceeded at room temperature
for 15 min before quenching with 5× SDS-PAGE sample
buffer. Samples were loaded and run on an SDS-PAGE gel
along with 6, 20, and 40 μM ubiquitin standards. Ubiquitin
bands were quantified and integrated using ImageJ56 and
plotted with a calibration plot of the previously mentioned
standards in order to determine the amount of ubiquitin
produced through the cleavage of diubiquitin. All data was
analyzed with Kaleidagraph and fit to the Michaelis−Menten
equation of Vi = (Vmax[S])/(KM + [S]) to determine kcat and
KM for each mutant.

Circular Dichroism. The secondary structure of wild-type
Sst2, the active-site flap mutants Sst2F403A and Sst2F403W and the
Sst2C397A mutant was determined in solution using circular
dichroism (CD). Protein samples were diluted in 100 mM
phosphate buffer (pH 7.4) to make a final concentration of 0.2
mg/mL. Native CD spectra were recorded in a Jasco J-1500
spectrophotometer in the far-UV region (200−260 nm) in a
cuvette with a path length of 0.1 cm. To test the stability of the
mutants in solution, we also monitored changes in ellipticity at
222 nm via thermal melt by heating the protein from 20 to 86
°C with a temperature gradient of 0.5 °C. Data were recorded
after every increase of 2 °C. Each spectrum was composed of an
average of four scans (speed scan of 100 nm/min) and
corrected with a subtraction of a spectrum of the phosphate
buffer alone. Mean residue molar ellipticity was calculated
according to the following equation:

θ θ= × M Cln[ ] ( 100 )/( )

where θ is the ellipticity in degrees, l is the path length in
centimeters, C is the concentration is mg/mL, M is molecular
mass, and n is the total number of residues in the protein.
Calculated mean residue molar ellipticity is given in deg cm2

dmol−1. The protein secondary structures from CD spectra
were estimated using two different analysis tools: K2D257 and
K2D3.58

ITC. ITC experiments were carried out at 25 °C in order to
quantify the binding affinity of the Sst2 mutants with ubiquitin
using a GE/MicroCal ITC200 calorimeter. The proteins were
dialyzed overnight in a buffer of 50 mM Tris-HCl (pH 7.6) and
50 mM NaCl that was exchanged four times. 500 μM ubiquitin
was titrated into a 50 μM solution of protein. Twenty-two
injections with 1.4 μL of ubiquitin per injection were done for
the experiment. 180 s was allowed between each injection to
ensure that baseline was reached prior to the next injection.
Baseline correction was performed by NITPIC59 and analyzed
using a one-site model from SEDPHAT.60

Diubiquitin Cleavage Assay. A diubiquitin cleavage assay
was performed in order to deduce whether the mutants were
able to cleave Lys11-linked and Lys48-linked diubiquitin chains
in addition to Lys63-linked diubiquitin. 250 nM of wild-type
and mutant enzymes were incubated in a reaction of 50 mM
Tris-HCl (pH 7.0), 20 mM KCl, 5 mM MgCl2, and 1 mM
DTT in the presence of 20 μM of each variant of diubiquitin.
Reactions were allowed to occur at room temperature for 5 h
before being quenched with 5× SDS-PAGE sample buffer.
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Samples were loaded and run on an SDS-PAGE gel and
ubiquitin bands were quantified and integrated using ImageJ.56

Ratios of monoubiquitin:diubiquitin were determined for each
sample after the reactions.
Molecular Dynamics Simulations. We performed mo-

lecular dynamics simulations within the Amber14 package61 to
investigate molecular motions in three apo Sst2 systems: native
enzyme, Sst2F403A, and Sst2F403W mutants. Therefore, we used
the previously reported crystal structure of the native enzyme
(PDB: 4JXE)47 as well as the newly reported structures of the
Sst2F403A and Sst2F403W mutants as starting configurations.
Additionally, we investigated the homologous enzymes AMSH
and AMSH-LP using starting coordinates from published
crystal structures (PDB: 3RZU40 and PDB: 2ZNR).32 We
discarded ethylene glycol and other cocrystallized small
molecules and prepared all proteins using MOE’s protonate3D
function for simulations.62 The five systems were parametrized
using the Amber force field 99SB-ILDN63 and soaked in an
explicit box with TIP3P water molecules64 with a minimum
wall distance of 10 Å. Two Zn2+ ions were included per system
using nonbonded parameters suggested by the R.E.D. server65

(r = 1.95 Å, e = 0.25 kcal/(mol·cm)) and were held in place
over simulation time by applying flat bottom harmonic
restraints to the coordinating amino acids.
After a careful equilibration66 we sampled conformational

space over 1 μs and saved 50 000 snapshots per system for later
analysis. Simulation analysis was performed using cpptraj from
Ambertools67 as well as in-house scripts. We quantified global
dynamics of the Cα of the conserved Phe residue (F403 in Sst2,
F395 in AMSH, and F407 in AMSH-LP) as B-factor after
performing a global alignment to all Cα atoms in the enzymes.
Furthermore, we characterized local dynamics of the backbone
atoms of this residue by following a local alignment strategy.68

Additionally, we estimated dihedral entropies for all backbone
torsions involving the conserved residue.69 Hydrogen bonds
were extracted using cpptraj’s default criteria.

■ RESULTS
Design of the Mutants. The crystal structure of the

catalytic domain of AMSH-LP bound to its substrate Lys63-
linked diubiquitin (PBD ID: 2ZNV) reveals the flap adopting a
closed position over the active site.32 Specifically, the flap
appears to have collapsed around the isopeptide bond,
particularly onto the aliphatic portion of the side chain of
Lys63 from the proximal ubiquitin, bringing Phe407 (Phe403
in Sst2) into close van der Waals contact with the side chain
atoms of the Lys residue. The recently determined crystal
structure of the catalytic domain of the yeast AMSH ortholog,
Sst2, bound to Lys63-linked diubiquitin reiterates this
observation (Figure 3a).47 The proximity of the aromatic side
group of the Phe residue to the Lys63 side chain moiety of the
scissile isopeptide bond is indicative of a role in substrate
recognition and/or catalysis. In addition to the scissile
isopeptide bond, Phe403 is stabilized by a 3.9 Å van der
Waals contact between Cζ of Phe403 and Cγ of Thr316 and a
close contact (4.1 Å) between Cδ1 of the Phe403 ring and Oδ
of the carboxylate of Asp315 (Figure 3b). Interestingly, a recent
analysis of such distance pairs in the Protein Data Bank has
revealed some evidence of an anion-π interaction, a stabilizing
interaction between the partially electropositive edge of the
aromatic ring with the negatively charged Asp (or Glu) residue
that is proposed to contribute toward protein stabilization and
protein−protein interactions.70 The active-site flap also

assumes a slightly different closed conformation in structures
of the substrate-free form of the enzyme (AMSH, AMSH-LP,
and Sst2). In Sst2, the van der Waals contact with Thr316 has
been lost due to repositioning of the aromatic group from
Phe403 such that the Cζ of Phe403 now forms a 3.9 Å anion-π
interaction with Oδ of the carboxylate of Asp315 (Figure 3c).
Although the flaps form a narrow tunnel near the active site

cavity in the enzyme’s closed state, as seen in structures of both
the free and substrate-bound forms of Sst2, PBD ID: 4JXE and
4NQL, respectively, the flaps must open for the substrate to
bind in a proper orientation so that the C-terminal tail of the
distal ubiquitin, particularly the scissile isopeptide bond, is
adjacent to the catalytic center. Thus, the flap must be
intrinsically dynamic, oscillating between an open and closed
form so that the enzyme can bind its substrate in the open form
and interact with the Lys63 side chain of the proximal ubiquitin
in the closed from. The crystallographic B-factors of residues in
the flap are consistent with the dynamic nature of the flap
(Supplemental Table 1). To explore this further, microsecond
molecular dynamics simulations of Sst2, AMSH, and AMSH-LP
were carried out, which confirmed that the active-site flap is
indeed quite mobile in all these proteins (Figure 2d−f). During
the time scale of the simulation, the conserved Phe residue
explored both multiple side chain conformations and increased
mobility of the backbone atoms (this is discussed further
below). On the basis of the results from the MD simulation,
along with the crystallographic observations of substrate-bound
and free enzymes (AMSH-LP and Sst2), we decided to focus
on the conserved Phe residue to probe the possible role of the
dynamics of the flap in catalysis. In the closed, substrate-bound
form, the van der Waals interactions between the aromatic ring
of Phe403 and the Lys63 side chain of the proximal ubiquitin
appear to be important for the rate-limiting step rather than
ground-state substrate binding, based on the following
observations. First, mutation of this residue to Ala in both
AMSH-LP and AMSH causes a significant loss only in kcat with
relatively minor change in KM.

32,44 Second, ITC data show that
the affinity for diubiquitin is similar to that for ubiquitin alone
(bound in the distal site), implying that interactions with the
entire proximal ubiquitin portion of the substrate contributes
little to ground-state substrate affinity.44,47

It is possible that mutation of the Phe residue to Ala might
have caused a change in dynamic properties of the flap
accounting for the loss of activity, at least to some degree. In
other words, the conserved Phe side chain may have a role in
modulating the dynamics of the flap to be in tune with the
catalytic steps of the hydrolysis reaction. To gain insight into
the nature of the catalytic contribution of Phe403 in
polyubiquitin processing, and hence the role played by the
active-site flap, we mutated Phe403 in Sst2 to Trp and Ala. We
expected that the presence of a bulkier aromatic side chain in
the Trp mutant may alter the dynamic properties of the flap by
providing a larger surface area for contact with the residues
opposite the active-site cleft (such as the γ-CH3 group of
Thr316, Figure 3) while still maintaining the contacts necessary
for accurate positioning of the isopeptide segment of Lys63-
linked polyubiquitin chains. Although the mutation of the
corresponding Phe to Ala residue was recently studied in both
AMSH-LP and AMSH for its role in catalysis,32,44 these
previous studies lacked structural and binding characterization
of the Ala mutant, so one could not rule out other factors such
as change in ubiquitin binding affinity (product release) or
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structural changes arising from the mutation accounting for the
loss of activity in the mutant.
Kinetic Characterization of the Flap Mutants. Mutation

of Phe403 to Ala leads to a substantial loss of catalytic activity,
with a major effect on kcat while KM remains relatively
unchanged compared to the wild-type enzyme (Table 1, Figure
4, and Supplemental Figure 2), consistent with observations
from the same mutant in AMSH-LP and AMSH.32,44 This
suggests that the role of the aromatic side chain is conserved
from the yeast enzyme to human counterparts. Like the Ala
mutant, the Phe403Trp mutant exhibits a significant defect in
catalyzing the deubiquitination reaction, with a reduction
mainly in kcat and a minimal effect on KM (Table 1, Figure 4,
and Supplemental Figure 2). Taken together, these kinetic
results implicate a role for Phe403 mainly in the rate-limiting
step, since both of these mutations led to a loss in kcat and not
in ground state substrate binding indicated by a relatively minor
change in KM.
As mentioned before, the flap constitutes the tip of a

structural element in AMSH-like enzymes known as insertion 2
(Supplemental Figure 1). The insertion 2 region is stabilized by
the presence of a structural zinc atom, coordinated by a three
histidine, 1 cysteine motif that provides rigidity to the overall
structure. Since the tip of the flap is arranged distally from the
zinc-coordination site, it is flexible enough to allow for
oscillation between open and closed conformations during
key catalytic steps of the enzyme. The absence of the structural
zinc would render insertion 2 highly disordered. Accordingly,
mutation of a zinc-coordinating residue, Cys397, to Ala leads to
a substantial loss of activity, once again with a reduction only in
kcat (Table 1, Figure 4, and Supplemental Figure 2). This is
consistent with the results obtained with a similar mutant in
AMSH-LP (Cys402 to Ser).32 It is possible that the insertion,
having lost its native structure due to impaired binding of the
structural zinc atom, might have adopted a non-native fold
keeping the flap away from the active-site cleft, which would
make the Phe residue less accessible for binding to the
isopeptide moiety of the substrate during catalysis. Alter-
natively, the extreme conformational flexibility may mean a
higher entropic penalty in organizing the flap into a productive
orientation during the rate-determining step of the hydrolysis
reaction.
Structural Properties of the Flap Mutants. We

wondered whether mutation of Phe403 to Ala or Trp reduced
the enzyme’s catalytic efficiency by imposing either global
changes to the protein’s overall structure or by imparting
structural changes in the local environment of the active site
flap that manifest as either altered dynamics or impaired ability
to recognize and bind the substrate. To address the effect of
each mutation, we crystallized both the Sst2F403A and the
Sst2F403W mutants in their apo and ubiquitin-bound forms.
Diffraction data collection and refinement statistics are
summarized in Table 2. The structures were solved by
molecular replacement using the previously solved wild-type
structure of Sst2 (PDB ID: 4JXE) as the search model for both
apo structures and the previously solved structure of Sst2
bound to ubiquitin (PDB ID: 4K1R) as the search model for
both ubiquitin-bound mutant structures. Crystals of Sst2F403A

(apo) and Sst2F403A-Ub diffracted to 2.1 and 1.7 Å, respectively,
while Sst2F403W (apo) and Sst2F403W-Ub diffracted to 1.6 and
2.3 Å, respectively. The free R factors after refinement for all
structures were within 2.5−4.3% of crystallographic R factors.

The structure of the Sst2F403A mutant in its free form shows
that, as in the wild-type enzyme, the flap assumes a closed form.
A minor difference is that a narrow tunnel has formed in the
cavity due to the absence of the aromatic side chain, which can
no longer form the anion-π interaction with Asp315 from the
adjacent loop (Figure 1c). Ubiquitin binding to Sst2F403A leads
to formation of a wider cavity with a more open conformation,
instead of a narrow tunnel observed in the wild-type, Sst2-Ub
structure (Figure 1d). Despite the more open conformation of
the Sst2F403A mutant, the C-terminal tail of ubiquitin maintains
the same orientation observed in the ubiquitin-bound structure
of wild-type Sst2. The Ala residue appears to be somewhat
more disordered as judged from the weak electron density
enveloping the side chain as compared to internal residues that
are defined by stronger electron density covering the side chain,
consistent with an increased flexibility of the flap in the mutant
(Supplemental Figure 3c,d and Supplemental Table 1).
However, the structures of both the free and ubiquitin-bound
forms indicate that the mutation to Ala does not have any
serious effect on either the overall structure or the active-site
area of the enzyme. Moreover, circular dichroism (CD)
spectroscopy indicated no major perturbation in secondary
structure for either Sst2F403A or Sst2F403W in solution (Figure 5a,
Supplemental Table 2). Deconvolution of the CD spectra of
mutants produced similar α-helical and β-sheet content as in
the wild-type protein (Supplemental Table 2). Thermal melting
performed using CD also revealed nearly identical melting
temperatures for the Sst2F403A mutant and the wild-type
enzyme, indicating the overall stability of the enzyme is
unaffected by mutation of Phe403 to Ala (Figure 5b, Table 3).
Interestingly, reduced affinity for the structural zinc metal, and
thus increased disorder of the insertion 2 segment, led to a
drastic reduction in melting temperature for the Sst2C397A

mutant (Figure 5 and Table 3).

Table 1. Steady-State Kinetic Parameters of Sst2 and Its
Substrate, Lysine 63-Linked Diubiquitin

sample KM (μM) kcat (s
−1) kcat/KM × 10−3 (μM−1 s−1)

Sst2 18.8 ± 8.4 1.5 ± 0.2 79.8
Sst2F403A 33.6 ± 8.3 0.082 ± 0.007 2.4
Sst2F403W 44.1 ± 8.2 0.085 ± 0.007 1.9
Sst2C397A 32.8 ± 4.6 0.004 ± 0.0002 0.1
Sst2D315N 33.7 ± 11.8 0.26 ± 0.032 7.7

Figure 4. Activity of active-site flap mutants compared to wild-type
Sst2.
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Table 2. Crystallographic Refinement Statistics for Catalytic Domain of Sst2

Sst2 F403A Sst2 F403A-Ub Sst2 F403W Sst2 F403W-Ub

Data collection
space group P21 P21 P21 P212121
cell dimensions
a, b, c (Å) 57.7, 74.9, 64.6 42.1, 58.2, 56.4 58.6, 73.7, 64.6 56.8, 89.4, 117.8
α, β, γ (deg) 90.0, 112.9, 90.0 90.0, 109.3, 90.0 90.0, 113.2, 90.0 90.0, 90.0, 90.0
wavelength (Å) 1.033 1.033 1.033 1.033
resolution (Å) 50.0−2.1 (2.14−2.10) 50.0−1.7 (1.75−1.72) 50.0−1.6 (1.66−1.63) 50.0−2.3 (2.34−2.30)
Rmerge

b (%) 10.5 (73.3) 4.7 (56.1) 9.5 (56.2) 13.1 (84.8)
I/σI 11.6 (2.0) 23.6 (2.3) 18.1 (2.5) 18.7 (2.3)
completeness (%) 99.9 (99.9) 99.9 (99.9) 97.3 (96.2) 100.0 (100.0)
redundancy 3.8 (3.8) 3.8 (3.6) 3.9 (7.7) 14.6 (13.8)
Refinement
resolution (Å) 2.1 1.7 1.6 2.3
no. unique reflections 28834 26060 60880 25792
Rwork

c/Rfree
d 20.0/24.2 20.1/23.7 17.0/19.9 19.2/23.5

no. atoms
protein 2926 2027 2946 4059
ion 4 2 4 4
water 93 43 151 79
r.m.s. deviations
bond lengths (Å) 0.018 0.018 0.007 0.015
bond angles (Å) 1.935 1.896 1.111 1.728
Ramachandran Plot
preferred (%) 97.1 96.46 98.3 95.9
allowed (%) 2.9 3.2 1.7 3.7
disallowed (%) 0.0 0.39 0 0.39
average B-factors (Å2)
Sst2 32.5 18.9 24.4 42.8
ubiquitin 39.9 47.1
ion 28.0 34.2 20.0 40.8
water 31.0 38.0 30.0 41.1
ligand 42.6 33.4 43.5 51.6

aValues in parentheses are for the highest resolution shell. bRmerge = ∑|Ihkl − Ihkl(j)|/∑Ihkl, where Ihkl(j) is the observed intensity and Ihkl is the final
average intensity. cRcrys = ∑||Fobs| − |Fcalc||/∑|Fobs|.

dRfree = ∑||Fobs| − |Fcalc||/∑|Fobs|, where Rfree and Rcrys are calculated using a randomly selected
test set of 5% of the data and all reflections excluding the 5% test data, respectively.

Figure 5. Circular dichroism (CD) spectroscopy of Sst2 and its mutants. (a) Native CD spectra of catalytic domain of Sst2, Sst2F403A, and Sst2F403W

show that the secondary structure of the enzyme is mostly unperturbed in solution as a result of either mutation. (b) Thermal melting curves indicate
nearly identical melting temperatures of the F403 mutants with wild-type Sst2, suggesting that the stability of the enzyme in its folded state is
retained in the mutants. The thermal melting curve for the Sst2C397A mutant indicates that this mutant is less stable than F403 mutants and wild-type
Sst2.
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Figure 6 shows key areas near the active-site cleft in the
mutant as compared to those in the wild-type enzyme. There is
little difference between the structures in the environment
around the active-site metal. The Sst2F403A structure also
explains why the KM of the mutant is similar to that of the wild-
type enzyme; the contacts with the distal ubiquitin are
maintained nearly identically with respect to the wild-type
enzyme (Figure 7). To probe if these interactions are indeed
maintained in solution, we performed isothermal titration
calorimetry (ITC) studies to extract the binding affinity of the
mutant for ubiquitin (Table 4, Figure 8a), which yields KD
values somewhat similar to that obtained with wild-type
enzyme. Together, with the aforementioned results, our
structural analysis provides strong support in favor of the
assertion that the loss in activity of the Ala mutant is neither
due to any gross structural change near active-site cleft induced
by the mutation nor due to changes in substrate binding (KM is
not affected significantly). Furthermore, it seems unlikely that
product release would be affected due to the mutation since the
KD for ubiquitin is comparable for the Ala mutant relative to the
wild-type enzyme. For the Trp mutant, the KD for ubiquitin
binding is nearly 3 times lower than that of the wild-type
enzyme which may indicate some level of interference in
product release caused by the mutation; however, this cannot
be a major factor behind the loss of activity in the mutant
compared to the wild-type enzyme as the mutant is impaired
nearly 30 fold in kcat, whereas the change in product affinity is
only by a factor of ∼3.
The Trp mutant in both its free form and ubiquitin-bound

form crystallizes with two subunits in the asymmetric unit. Both
subunits in the free and ubiquitin-bound forms can be
superimposed with each other with Cα root-mean-square
deviations (RMSDs) of 0.198 and 0.304 Å, respectively,

indicating structural conservation between the two subunits.
Interestingly, both the subunits show a slight change around the
flap region. Subunit A of the free form reveals a closed form of
the flap with a completely occluded cavity resembling that of
wild-type Sst2, whereas subunit B shows that the flap is also in a
closed form, but has a narrow tunnel in the cavity (Figure 1e,g).
The ubiquitin-bound structure reveals that in subunits A and B,
the active site flap forms a narrow channel around the C-
terminal tail of ubiquitin (or what would be the distal ubiquitin
moiety in diubiquitin), which would be used to enable binding
of the isopeptide linkage of diubiquitin. Strikingly, the size of
the tunnel in subunit B appears to be wider than subunit A
(Figure 1f,h). These subtle changes indicate that the dynamics
of the flap in the Trp mutant are consistent with the lack of
strong electron density enveloping the side chain of Trp,
especially in subunit B of both the free form and the ubiquitin-
bound form as shown in (Supplemental Figure 3b and Figure
9b). There is also a difference in the crystallographic contacts of
the two subunits in both the free form and in the ubiquitin-
bound form. In the free form, the Trp side chain of subunit A
appears to be interacting with Thr345 of subunit B from its
symmetry mates, whereas the Trp side chain of subunit B does
not appear to form any interactions (Supplemental Figure 4a).

Table 3. Stability Parameters Deduced from CD Data

sample TM (°C) 222/209 ratio

Sst2 56 0.87
Sst2F403A 55 0.89
Sst2F403W 56 0.91
Sst2C397A 40 0.89

Figure 6. Structural comparison of Sst2 and its mutants. (a)
Superposition of catalytic domain of Sst2 (cyan), Sst2F403A (gray),
and Sst2F403W (green) indicate no gross conformational changes to
Sst2 as a result of either mutation. (b) Superposition of Sst2 (cyan),
Sst2F403A (gray), and Sst2F403W (green) highlighting the residues of
active-site along with the residues of the active-site cleft. Active-site
residues are colored in yellow. Active-site zinc is shown in gray
whereas the zinc stabilizing insertion 2 is shown in black.

Figure 7. Ubiquitin binding in Sst2 mutants. (a) Surface
representation of the catalytic domain of Sst2 mutant Sst2F403A

(gray) bound to ubiquitin (orange). Residues of the flap region are
highlighted in red. (b) Surface representation of the catalytic domain
of mutant Sst2F403W (green) bound to ubiquitin (orange) highlighting
the residues (red) in the flap region. (c) Superposition of the
structures of Sst2 (cyan), Sst2F403A (gray), and Sst2F403W (green)
showing residues involved in distal ubiquitin recognition. Hydrogen
bonds are shown in black dashes. Ubiquitin residues are shown in
orange.

Table 4. Thermodynamic Parameters Deduced from ITC
Data

protein titrant KD (μM)
ΔH

(kcal/mol)
ΔS (cal mol−1

K−1)

Sst2 Ub 10.2 ± 0.6 11.9 ± 0.4 62.9
Sst2F403A Ub 6.2 ± 0.5 12.1 ± 0.4 64.3
Sst2F403W Ub 3.6 ± 0.3 12.8 ± 0.4 67.9
AMSH-LP Ub 17.3 ± 4.3 1.95 ± 0.4 28.3
AMSH-LPC402S Ub 12.4 ± 3.2 8.5 ± 2.0 51.0
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Likewise, in the ubiquitin-bound form, the Trp side chain of
subunit A appears to be held in place in the crystals by an
additional interaction with the Lys48 side chain of the other
ubiquitin-bound complex of the asymmetric unit (Supplemen-
tal Figure 4b). It is possible that the structural difference at the
Trp residue between the two subunits may be a result of these
crystallographic contacts. However, overall inspection of the
structures reveals no appreciable change in the enzyme that
could result from the mutation. Ubiquitin is bound in an
identical fashion as in the wild-type enzyme and the Ala mutant
(Figure 7).
Thermal melting using CD spectroscopy revealed a

comparable melting temperature with respect to both the
wild-type enzyme and the Ala mutant (Table 3 and Figure 5).
Moreover, ITC studies also reveal similar affinity for ubiquitin
and thermodynamic parameters to the wild-type enzyme
(Table 4, Figure 8b). Collectively, our structural studies
indicate that the loss of activity observed with the Trp mutant

is not due to any gross structural changes from the mutation
that may impair substrate and product binding.

Increased Dynamics of the Phe403Trp Active Site
Flap. We expected that, unlike the Ala mutant, stabilizing
interactions with the substrate (Lys63 side chain of the
isopeptide link) in the Trp mutant would be maintained as in
the wild-type enzyme. Using the crystal structure of the
Sst2F403W bound to ubiquitin and the structure of Sst2 bound to
diubiquitin (PDB ID: 4NQL), we generated a structural model
of the mutant bound to Lys63-linked diubiquitin to gain insight
into interactions with the substrate. The model shows that the
side group of Trp is not in any steric conflict with any part of
the proximal ubiquitin (consistent with the KM of the mutant
not changing appreciably compared to the wild-type enzyme).
Remarkably, the side chain of Trp403 in the mutant overlaps
nicely onto the side chain of Phe in the wild-type enzyme,
indicating that the isopeptide interaction would be maintained
during key catalytic steps of the hydrolysis reaction (Figure 9
shows a superposition of the mutant onto the crystal structure

Figure 8. Determination of thermodynamic parameters for Sst2 mutants: (a) Isothermal titration calorimetry (ITC) thermogram for binding of
ubiquitin to the catalytic domain of Sst2F403A revealing a KD of 6.2 ± 0.5 μM. (b) ITC thermogram of binding of ubiquitin to the catalytic domain of
Sst2F403W revealing a KD of 3.6 ± 0.3 μM.

Figure 9. A model of Sst2F403W bound to Lys63-linked diubiquitin. (a) Superposition of catalytic domain of Sst2F403W (green) bound to ubiquitin and
the catalytic domain of Sst2 (cyan) bound to Lys63-linked diubiquitin (PDB ID: 4NQL). The proximal ubiquitin and distal ubiquitin is shown in
forest green and orange, respectively. (b) Superposition of Sst2F403W (green) bound to ubiquitin and Sst2 (cyan) bound to Lys63-linked diubiquitin
showing the active-site flap residues. The electron density for Trp403 is rendered from the 2Fo-Fc map contoured at 1σ (corresponding to the X-ray
structure of Sst2F403W bound to ubiquitin) showing weak density enveloping the side chain of Trp403. (c) Hydrophobic interaction of the aromatic
group of Trp403 interacts with Lys63 of the proximal ubiquitin (forest green) and Gly76 of the distal ubiquitin (orange). Hydrophobic interactions
are shown in blue dashes.
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of the wild type Sst2 bound to diubiquitin). Thus, the loss in
activity of the Trp mutant, as reflected by the reduction in kcat,
is not due to a lack of van der Waals interactions that facilitate
catalysis of Lys63-linked diubiquitin.
It is plausible that the loss of activity is due to altered

dynamics of the flexible flap in the Trp mutant although one
expects a similar anion-π interaction with Asp315 involving the
six-membered ring of the Trp side chain. We probed this effect
by performing molecular dynamics simulations of the native
system and the two mutants on the microsecond time scale and
compared flap dynamics to the homologous enzymes AMSH
and AMSH-LP. We analyzed stable simulations of the five
systems with a maximum RMSD lower than 2.5 Å compared to
the respective starting structures. All simulations highlighted
the active site flap as a flexible region (Supplemental Figure 5,
Figure 10a−e), as indicated by the relative mobility of
backbone atoms and side chains of the flap residues. Local
backbone B-factors consistently exceeded 0.3 Å2 for all
simulated systems, dihedral entropies were found larger than
94 J/(mol·K) reflecting the high flexibility of the flap region.
Supplemental Figure 5 shows the overlay of 20 MD frames for
Sst2 with the polypeptide backbone of the region near the
active-site flap shown in gray ribbon. The mutated residue,
Phe403 in Sst2, is highly mobile both on backbone as well as
side chain level (Supplemental Figure 5, and Figure 10b,c). We
observe almost free rotation of both phenylalanine and
tryptophan at this position. Dimensionless relative side chain
flexibilities68 are 0.92 for Phe403, 0.83 for Trp403, and 0.99 for
Ala403, indicating free rotation for the latter residue. The free
rotation is paralleled by a loss of molecular interactions with the
opposing side of the active-site flap. Hydrogen-bonding of the
Trp403 side chain with Asp315, as seen in the static crystal
structure, is observed in less than 1% of the snapshots.
Additionally, we observe some compensation by hydrogen-
bonding between Trp403 and the side chain of Thr316 (3%).
In general, all residues at position 403 sample a broad

conformational space, including open configurations closely
resembling the ubiquitin-bound state. Highest flexibilities are
consistently observed for Trp403 among Sst2 mutants using
three different metrics capturing dynamics on a global and local
scale (Figure 10f−h). The simulated homologous AMSH
systems show similar flexibilities in the flap region using all
three metrics.
To get further insight into the effects of altered dynamics in

Sst2 mutants, we probed Lys48 and Lys11-linked diubiquitin as
alternate substrates for the variants studied here. As noted
earlier, Sst2, like AMSH and AMSH-LP, is highly selective for
Lys63-linked polyubiquitin chains. This selectivity is mainly due
to interactions with the proximal ubiquitin, many of which
manifest only during the rate-limiting step of the reaction. The
flap may contribute to selectivity by virtue of its dynamic
properties. If the flap were too flexible, in the extreme case of
being completely disordered, it may be reflected in the enzyme
losing selectivity. That is, a mutant with a more flexible flap
would be expected to show more activity toward Lys48 and
Lys11-linked diubiquitin substrates than the wild-type enzyme.
On the other hand, a more rigid flap may mean a reduction in
the association rate constant for substrate binding. If the latter
factor was important, one would expect a loss of activity with
substrates regardless of linkage types. We find that the Trp
mutant has higher activity with Lys48- and Lys11-linked
substrates than the wild-type enzyme, consistent with a loss of
selectivity (Figure 11). This observation is in contrast to the
Sst2F403A mutant, which shows a reduced activity with all the
three substrates tested, perhaps due to the essential
contribution of the aromatic ring of the Phe residue to binding
of the Lys side chain of the proximal ubiquitin in all the three
linkage types studied here. These results, in connection with
the molecular dynamics data, indicate that the Trp mutant has a
more dynamic flap than the wild-type structure and hence
reduced selectivity. Although one cannot rule out other factors
behind this reduced selectivity, it seems unlikely that selective

Figure 10.Molecular dynamics of the active site flap in native Sst2, the Phe403Ala and Phe403Trp mutants as well as AMSH and AMSH-LP: (a−e)
Ensembles of 20 conformations extracted over 1 μs simulation time in equal spacing depict the high mobility of the respective side chains. Almost
free rotation is observed for all residues, including the bulky aromatic systems in the native enzyme, the Phe403Trp mutant, AMSH and AMSH-LP.
Phe403, Ala403, Trp403 in Sst2 are shown in green, blue and dark pink respectively, Phe395 in AMSH is shown in light pink and Phe407 in AMSH-
LP is shown in purple. (f) B-factors of the Cα atom of the conserved phenylalanine and mutant residues after a global alignment, thus depicting loop
flexibility. Aromatic residues show highest flexibility in the flap region. (g) An increase of intrinsic flexibility is observed for both mutants when
capturing flexibility via B-factor calculation after a local alignment to the backbone atoms. (h) Dihedral entropies over backbone torsions involving
residue 403 in Sst2 indicate a similar trend as the local backbone B-factors, thus confirming gains in loop flexibility by mutations at this position.
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interactions with the alternative substrates is behind the loss of
selectivity observed with the mutant, given that Lys11- and
Lys48-linked substrates are structurally quite different (Figure
11c). Structural models of the Sst2 and its Ala and Trp mutants
bound to Lys11- and Lys48-linked diubiquitin, generated based
on the cocrystal structure of Sst2 bound to Lys63-linked
diubiquitin, suggest that active-site flap (Phe403) may impede
accurate alignment of these alternative substrates in the active
site (see Supplemental Figure 6 and its caption for a description
of the method used in model building). Therefore, increased
mobility of the flap may result in better accommodation of the
scissile peptide bond of these noncognate substrates in the
active site of Sst2. However, these models have limited utility
since they depict a static snapshot of binding and, more
importantly, do not take into account the flexibility of the
substrates themselves.

■ DISCUSSION

It has been widely appreciated that the active sites of enzymes
bear flexible loop elements that help in catalysis.72−75 In the
absence of a substrate, such active-site loops are generally
disordered, but adopt specific conformations upon substrate
binding, often becoming immobilized by forming specific
contacts with the substrate. The active-site flap in AMSH is
somewhat peculiar in the sense that it oscillates between open
and closed states independent of substrate binding. X-ray
crystal structures of the DUB domains of both AMSH-LP and
Sst2 bound to diubiquitin shows Phe403 collapsed onto the
Lys63 side chain of the proximal ubiquitin; however, the flap
residues appear to retain their mobility even in the presence of
bound substrate or product (indicated by relatively weak
electron density enveloping these residues and higher B-factors
than internal residues). This is consistent with our observation
that mutation of a key conserved residue in the flap (Phe403 in
Sst2) does not affect the KM significantly, implying that the flap
residues contribute little to substrate binding in the ground
state (to formation of the Michaelis complex). This is
particularly clear in the Sst2C397A mutant that is defective for
binding to the structural zinc. Loss of the structural zinc causes
the active-site flap to become substantially more flexible than
the wild-type enzyme, indicated by a significant loss of thermal
stability. Yet the mutant does not affect its substrate binding
significantly (Table 1). A similar mutant in AMSH-LP (Cys402
to Ser), defective only in kcat like the Sst2

C397A mutant, retains
nearly the same level of affinity for the ubiquitin product
compare to the wild-type enzyme (Table 4 and Supplemental
Figure 7), we could not measure KD for ubiquitin for the
Sst2C397A mutant because the mutant could not be isolated in
amounts suitable for ITC experiments). However, the loop is
especially important for the rate-limiting step, since the
Sst2C397A mutant and other mutants studied here are defective
primarily in kcat. Immobilization of the active site loop during
the key catalytic steps of the reaction, so that Phe403 forms a
contact with the Lys63 side chain moiety of the scissile
isopeptide bond, imposes a higher entropic penalty as the loop
becomes increasingly disordered. This is especially reflected in
the significant loss in kcat observed in the Sst2C397A mutant,
whose active site loop has become quite flexible due to loss of
the structural zinc.
Our results seem to indicate that the flexibility of active-site

flaps is precisely tuned to be in step with catalytic events. It is
possible that, while keeping the catalytic mechanism conserved,
evolution may fine-tune flexibility for selectivity.71 The
flexibility of the flap in Sst2 appears to be controlled by (1)
the structural zinc in the insertion 2 component of AMSH and
AMSH-like enzymes and (2) by an additional interaction of the
flap residue Phe403, which makes a contact with the Asp side
chain across the active-site cleft. This may be why the Phe403
residue and Asp315 are strictly conserved among AMSH-like
JAMM proteases. The contact distance between Phe403 and
Asp315 is approximately 4.0 Å in the crystal structures of
AMSH, AMSH-LP and Sst2, a distance indicative of a
stabilizing interaction termed anion-π interaction.70,76 A recent
analysis of the PDB reveals a widespread presence of such
contacts, indicating a role of anion-π interactions in protein
stability. Perhaps the loss of the anion-π interaction in the
Sst2F403A mutant leading to increased loop flexibility, and thus
an increased entropic penalty, contributes to the loss of activity
observed with the Ala mutant. Mutation of the Asp residue to

Figure 11. Activity assay conducted by monitoring cleavage of
different substrates (Lys63-, Lys48-, and Lys11-linked diubiquitin) by
different DUBS (wild-type Sst2, Sst2F403A, and Sst2F403W mutants). (a)
SDS-PAGE gel comparing the activity of wild-type Sst2 and its
mutants with different substrates. Each reaction mixture contained 250
nM Sst2 catalytic domain or Sst2F403A mutant or Sst2F403W mutant with
20 μM concentrations of Lys63- or Lys48- or Lys11-linked diubiquitin,
and each reaction proceeded for 5 h at 20 °C before quenching with
5× SDS-PAGE sample buffers. (b) Representative plot of mono-
ubiquitin:diubiquitin ratio as a function of different substrates (Lys63-,
Lys48-, and Lys11- linked diubiquitin) and different enzymes (wild-
type Sst2, Sst2F403A and Sst2F403W mutants). Bands corresponding to
monoubiquitin and diubiquitin were integrated using ImageJ. (c)
Different chain morphologies of Lys63-, Lys48-, and Lys11-linked
polyubiquitin chain. (PDB ID: 3HM3, 2O6V, and 2XEW,
respectively77−79).
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Asn indeed results in a defective enzyme, by a nearly 7-fold loss
in activity, primarily due to a reduction in kcat (Table 1). It is
possible that this loss of activity reflects loss of the anion-π
interaction. Loss of this interaction might have the effect of
making the flap more dynamic and is expected to produce an
effect in line with the Trp mutant. However, a closer inspection
of the diubiquitin-bound crystal structure reveals that the Asp
residue is 4 Å from amino-group of Met1 of the proximal
ubiquitin of the diubiquitin substrate, a distance range in which
there maybe appreciable electrostatic attraction between the
carboxylate and the amino group (likely protonated at the
nearly neutral pH of the assay buffer). The loss of activity in the
Asn mutant might also reflect, at least to a degree, a loss of the
columbic attraction.
Contrary to our expectation, it appears that the active-site

flap in the Trp mutant has higher flexibility than the wild-type
enzyme. Since our crystal structure shows the Trp side chain is
identically positioned to interact with the substrate as the
Phe403 residue in the wild-type enzyme, we propose that the
loss of activity in the mutant, due to decreased kcat, is suggestive
of altered dynamics and is supported by our molecular
dynamics data. However, we cannot rule out other factors
contributing to impaired catalysis seen here, such as the precise
orientation of the Trp side chain during the catalytic steps
relative to the Phe side chain in the wild-type enzyme. Some
evidence of this higher flexibility can be seen in B-factors of the
flap in the crystal structure of the mutant. Despite the flap being
somewhat immobilized by the crystallographic contacts
(Supplemental Figure 4), the elevated B-factors of these
residues are indicative of the loop’s mobility in solution
(Supplemental Table 1). Molecular dynamics simulations
clearly indicate that the active-site flap of Sst2 is quite mobile
and samples various conformations on the microsecond time-
scale. The Sst2F403W mutant shows the highest mobility on
three different flexibility metrics, thus underlining a gain in
mobility in this mutant. An additional but indirect evidence of
higher flexibility can be the observation that Lys11- and Lys48-
linked diubiquitin substrates are cleaved more readily by the
mutants than the wild-type enzyme. It is possible that this
reflects enhanced flexibility of the flap, giving rise to a more
open active-site cleft. This more open active-site cleft can better
accommodate alternative diubiquitin substrates, while the wild-
type enzyme is more selective for Lys63 linkage due to a strict
steric requirement imposed by the active-site flap. While not
contributing to substrate binding per se, higher flexibility of the
flap could mean a higher probability that it spends more time
away from the active-site, which could mean the active-site cleft
is somewhat more exposed than when the flap has less
flexibility. This “open” active-site may therefore pose less
stringency on the precise nature of the substrate. That is, the
enzyme with a more flexible flap may be less selective. The
implication of this observation could be that the flap in AMSH-
like enzyme might have evolved to increase selectivity by
discriminating against other types of polyubiquitin chain
substrates due to diminished flexibility.
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